The liver plays a major role in regulation of blood glucose levels. 1 The two pathways by which it can make glucose are by glycogenolysis and gluconeogenesis. 1, 2 One enzyme, microsomal glucose-6-phosphatase, catalyzes the terminal step of both pathways. 1, 3 The importance of glucose-6-phosphatase in the regulation of blood glucose levels first became obvious in 1952 from the debilitating effects of the complete absence of the enzyme in type Ia glycogen storage disease (reviewed in Ref. 4) . The hepatic microsomal glucose-6-phosphatase system has been extensively characterized in the last few years 3 and has been shown to be a multicomponent system composed of the catalytic subunit of the glucose-6-phosphatase enzyme, which is situated on the lumenal side of the endoplasmic reticulum membrane, and substrate and product transport proteins. 5 Hepatic glucose-6-phosphatase enzyme activity in humans is low before birth, 6 and we have shown previously that in term infants, glucose-6-phosphatase enzyme activity rises rapidly to adult values after delivery. 6 However, in most preterm infants, glucose-6-phosphatase enzyme activity remains low, and can remain so for several months. 7 In contrast, a few preterm infants in the neonatal period have normal hepatic glucose-6-phosphatase enzyme activity. 7 Delayed postnatal appearance of hepatic glucose-6-phosphatase in preterm infants makes them vulnerable to repeated hypoglycemic episodes and the resulting cerebral damage or risk of sudden and unexpected death. 8 -10 In addition, we have recently shown that 18% of preterm infants, who by all other criteria were ready for discharge home, were unable to maintain normal concentrations of blood glucose. 10 These infants were retrospectively shown to have an increased number of hypoglycemic episodes in the neonatal period. Therefore, we have investigated the relationship between perinatal clinical features of preterm infants and hepatic glucose-6-phosphatase enzyme activity to determine which factors influence neonatal glucose-6-phosphatase activity.
MATERIALS AND METHODS Patients
The preterm infants in this study (24 to 36 weeks' gestation) were cared for in the same level III neonatal intensive care unit and died in the first 5 postnatal days of immature pulmonary function or intraventricular hemorrhage, or from the consequences of overwhelming bacterial infection. Infants were recruited sequentially over a 3-year period, but tissue was only taken when the postmortem examination was conducted within 10 hours of death. The mean interval between Original Article
the time pronounced dead and the time of necropsy was 6 hours (range 2 to 10 hours), during which time the bodies had been refrigerated. Liver samples obtained postmortem were subjected to subcellular fractionation without delay. Hepatic biopsy samples from term infants of 37 to 42 weeks' gestation (n ϭ 20) whose glucose-6-phosphatase activity was shown previously to be in the normal range were used as control values in the study. 6 All infants had intensive care support, including intermittent positive pressure ventilation and, where appropriate, correction of fluid, electrolyte, blood glucose, and acid-base abnormalities. Blood pressure was supported with inotropes, plasma, or other blood products.
The clinical and radiologic features of respiratory distress syndrome were present in 40 infants, with the complication of pneumothorax in 19 infants and pulmonary hemorrhage in 9 infants. Intraventricular hemorrhage was present in 26 infants (grade I, 4 infants; grade II, 9 infants; grade III, 3 infants; grade IV, 10 infants). Renal dysfunction was common, with low urinary output (Ͻ0.5 ml/kg per hour) or elevated plasma creatinine in 25 infants and hyperkalemia requiring treatment (plasma potassium of Ͼ6.5 mM) in 18 infants. The hyperkalemia regimen consisted of the correction of acid-base disorders and hyponatremia, if either were present, and the prescription of calcium gluconate 10% (1 ml/kg every 4 hours intravenously) and 500 mg of calcium resonium resin every 6 hours per rectum; insulin/glucose were reserved for infants who failed to respond to this regimen.
High vaginal swab specimens for bacterial culture were collected from all mothers, usually during labor, but in some instances in the immediate postdelivery period. All preterm infants on admission to the neonatal unit had the following specimens collected for bacterial culture: nose, throat, umbilical, ear, and rectal swabs; blood and urine; and, if ventilated, endotracheal suction fluid. In some instances, lumbar cerebrospinal fluid was also cultured. A total of 40 infants were in-born, and these early postdelivery bacterial cultures were collected within 1 hour of delivery; five infants were out-born, and cultures were taken within 3 hours of delivery. Antibiotics were then prescribed if clinical features or risk factors were present, or if maternal laboratory results were available that indicated a possibility of early onset bacterial infection in the infant. A combination of penicillin and gentamicin was prescribed in this manner to 29 infants, with antibiotic use subsequently dictated by culture and sensitivity results. Endotracheal suction fluid and blood were thereafter cultured on a daily basis.
The following information was collected for each preterm infant: maternal age; social class; ethnic origin; parity; general health, including hypertension, insulin-dependent diabetes, etc.; health in pregnancy and disorders of pregnancy, including fetal growth patterns, preterm labor, preeclampsia, antepartum hemorrhage, polyhydramnios, or oligohydramnios, duration of membrane rupture, and cervical incompetence; genitourinary bacterial infections, including type of organism, antibiotic treatment, prescribed drugs (e.g., dexamethasone, ritodrine, labetelol, etc.), dosage, and duration; the details of labor, including duration; mode of delivery (vaginal or cesarean section); analgesia; Apgar scores; mode of resuscitation; and placental weight. Fetal growth parameters included birth weight, crown-heel length, and occipital-frontal circumference. Neonatal disease included respiratory distress syndrome, ventilatory support including oxygen requirements, acid-base status and the complications of barotrauma and pulmonary hemorrhage; persistent ductus arteriosus; acquired infective episodes with bacterial organism and site of isolation; brain ultrasonography, including grading of intraventricular hemorrhages; renal function, including urinary output, plasma urea, potassium, and creatinine; blood glucose homeostasis, including initial blood glucose and subsequent highest and lowest values; prescribed drugs with dosage, duration, and fluid; and intravenous and enteral nutritional intakes. Data were stored before analysis on Microsoft Excel 5.0a (Microsoft, Redmond, WA) spreadsheets.
Informed consent was obtained from parents, and the study was preapproved by the Pediatric/Reproductive Medicine Ethics of Medical Research Subcommittee of the Lothian Health Board.
Preparation and Assays of Microsomal Fractions
Liver microsomes were prepared as described previously.
11 Glucose-6-phosphatase activity with glucose-6-phosphate and mannose-6-phosphate as substrates was measured as described previously 12 and expressed as nanomoles per minute per milligram of microsomal protein. Nonspecific hydrolysis of glucose-6-phosphate was assayed and corrected for as described previously. 12 Microsomal intactness was measured using mannose-6-phosphatase activity. 12 All maximum velocity (V max ) and K m values given in this paper were calculated using a British Broadcasting Corporation computer program of nonlinear multiple regression analysis. 13 Microsomes isolated from liver homogenates (untreated microsomes) are a mixture of intact and disrupted structures. The proportion of intact microsomes was determined in all preparations by assays of low-K m mannose-6-phosphatase activity, which is only expressed in disrupted structures. 14, 15 All of the microsomal preparations used in this paper were Ͼ90% intact. We have shown previously that in microsomal preparations that are Ͼ75% intact, no significant proteolysis of endoplasmic reticulum proteins occurred. 16 Protein concentrations were estimated by the method of Lowry as modified by Peterson. 17 Immunoblot Analysis Sodium dodecyl sulfate polyacrylamide gel electrophoresis was conducted on 7% to 16% gels. 18 Proteins separated on sodium dodecyl sulfate polyacrylamide gels were electrophoretically transferred to nitrocellulose. 19 The western blots were immunostained with sheep immunoglobulin G, which has been shown previously to be monospecific to the glucose-6-phosphatase enzyme. 6, 20 Immunoreactive peptides were made visible by a biotin-streptavidin peroxidase-linked detection system with 4-chloro-1-napthol as the substrate. 21 
Statistical Analysis
Stepwise multiple linear regression was done with V max of glucose-6-phosphatase enzyme as the dependant variable, with a cutoff of prob-ability of the F value at Ͻ0.01 significance using SPSS for Windows Version 6.1 (SPSS, Inc., Chicago, IL) (see Table 1 ). The p values for glucose-6-phosphatase V max and K m s (see Table 3 ) were calculated with the Student' s t-test using the Instat program for Macintosh computers (Apple Computer, Cupertino, CA); data were not adjusted for confounding variables.
RESULTS
The basic characteristics of the study group were as follows: a total of 45 infants; a male to female ratio of 20:25; 27.6 Ϯ 2.9 weeks' gestation (mean Ϯ SD) (range 24 to 36 weeks); birth weight of 1086 Ϯ 467 gm (mean Ϯ SD) (range 411 to 2553), and Apgar scores of 3.3 Ϯ 2.2 and 5.9 Ϯ 2.7 (mean Ϯ SD) at 1 and 5 minutes, respectively.
Stepwise multiple regression analysis as indicated in Materials and Methods, with V max of the hepatic microsomal glucose-6-phosphatase enzyme as the dependant variable, was conducted with data from 45 preterm infants. The only significant factors (significance to 0.0005) were positive high vaginal swab culture, hyperkalemia regimen, duration of prenatal exposure to ritodrine, and mode of delivery ( Table 1) .
As high vaginal swab cultures positive for pathogenic organisms appeared to be important (Table 2) , we reviewed the clinical notes for further variables associated with infection: maternal genitourinary infections in pregnancy, Gram stain reports on high vaginal swabs, positive infant bacterial cultures immediately after delivery, and subsequently acquired positive bacterial isolates. Stepwise multiple regression analysis was conducted using these infection risk indicators (with a normal cutoff of 0.05 significance) and with the V max of the hepatic microsomal glucose-6-phosphatase enzyme as the dependant variable; the only significant variable was the early postdelivery bacterial cultures from infants taken at the time of admission to the neonatal unit (0.003) ( Table 2) .
The values of hepatic microsomal glucose-6-phosphatase enzyme activity (V max ) in preterm infants were lower than those seen for term infants, as reported previously 22 (Table 3) . When the study group was divided into infants with and without positive early postdelivery bacterial cultures, those with negative cultures remained within the normal preterm range for glucose-6-phosphatase enzyme activity, whereas those with positive cultures were significantly higher (threefold), confirming the findings of the stepwise multiple regression analysis. In contrast, the K m for the glucose-6-phosphatase enzyme did not change (Table 3) .
When the study group was divided into infants with and without treatment for hyperkalemia, those with this treatment regimen had 2.5-fold higher glucose-6-phosphatase enzyme activities than those without. Again, the K m for the glucose-6-phosphatase enzyme did not change (Table 3) . Changes in the V max of the glucose-6-phosphatase enzyme reported in this paper reflect changes in the level of expression of the glucose-6-phosphatase enzyme protein (e.g., see Figure 1 , where the levels of the glucose-6-phosphatase enzyme protein were higher in microsomes isolated from infants with positive early postdelivery bacterial cultures).
Analysis of the mode of delivery (vaginal versus cesarean section) showed that cesarean section was associated with higher hepatic glucose-6-phosphatase activity (Table 1) . From these results, it appeared that the mode of delivery as analyzed was important; therefore, we attempted to analyze the data further and subdivided the study infants into groups based on details of delivery (i.e., spontaneous vertex, vaginal breech, forceps, cesarean section with and without labor). However, the number of infants in each group varied greatly (from 3 to 20), making it difficult to achieve an unequivocal answer. The duration of maternal prenatal exposure to ritodrine (range 0.04 to 41 days; n ϭ 10), which is used to suppress premature labor, is associated with lower glucose-6-phosphatase enzyme activity (Table  1) in the subsequent preterm infant over the first 5 postnatal days. There was no significant difference in glucose-6-phosphatase activity when we simply compared infants whose mothers were given ritodrine with those infants who were not exposed to maternal ritodrine (122 Ϯ 36, n ϭ 10;163 Ϯ 28, n ϭ 35 nmol/minute per milligram).
COMMENTS
In growth-retarded preterm infants, hypoglycemia is strongly correlated with abnormal neurodevelopment and reduced brain growth. 23 Hypoglycemia is significantly correlated with retardation of intrauterine and postnatal growth, 10 and a significant proportion of these infants at the time of discharge from neonatal units are vulnerable to preprandial hypoglycemia as a result of insufficient liver glucose production. 10 We have shown previously that many, but not all, preterm infants have abnormally low levels of the enzyme that catalyzes the last step in liver glucose production. 8 This is due to a failure of upregulation of glucose-6-phosphatase in the first few postnatal days. 8 We have now correlated the perinatal clinical features in this series of preterm infants to hepatic glucose-6-phosphatase activity to determine what factors influence the expression of this key enzyme in the perinatal period.
The duration of maternal prenatal exposure to ritodrine, which is used to suppress premature labor, is associated with lower glucose-6-phosphatase enzyme activity. The relatively small numbers of infants prenatally exposed to ritodrine (n ϭ 10) and the wide range of durations of fetal exposure (0.04 to 41 days) meant that data could not be analyzed further after subdivision into groups with different lengths of exposure. Maternal administration of ritodrine has been associated previously with hypoglycemia in neonates and mothers. 24 Ritodrine is also known to elevate plasma insulin and C-peptide levels. 24 The effect of ritodrine on glucose-6-phosphatase could be either due to a direct effect of ritodrine on glucose-6-phosphatase expression or could be secondary to the elevated plasma insulin levels, as insulin has been shown to decrease transcription of the glucose-6-phosphatase gene. 25 The decrease in glucose-6-phosphatase activity is very unlikely to be due to direct inhibition of the enzyme, as ritodrine has been shown previously not to inhibit glucose-6-phosphatase in vitro. 26 Hyperkalaemia in sick neonates is associated with renal dysfunction, hemorrhage, and hemolytic states, and these contributory factors are also likely to be present in the infant with severe bacterial infection. Consistent with this, all infants in the study group with early positive cultures, with the exception of one, were hyperkalemic and required treatment (see below). Therefore, it is not surprising that there was an association between treatment of hyperkalemia and hepatic glucose-6-phosphatase enzyme activity. Equally, if infants with early onset infection (n ϭ 8) were removed from the stepwise multiple regression analysis, the remaining 11 infants with treated hyperkalemia (7 infants with both treated hyperkalemia and early onset bacterial infection) were not significantly different from the nontreated infants with respect to glucose-6-phosphatase activity.
As expected in our population, ϳ50% of early onset infections or high vaginal swab cultures positive for pathogenic organisms yielded group B streptococcus and a range of organisms in the remainder including a rarer early onset Staphylococcus aureus infection. High vaginal swab cultures were taken during labor or immediately postpartum. Positive cultures were associated with significantly higher hepatic glucose-6-phosphatase enzyme activity compared with the activity seen in preterm infants in which cultures were negative (Table 1). All infants from mothers with a positive high vaginal swab culture also had a positive cultures immediately postpartum with the same organism (Table 2) , except in one case in which the mother was given penicillin during labor. Therefore, it is not surprising that there was a similar relationship between maternal and infant positive cultures to significantly higher hepatic glucose-6-phosphatase enzyme activity. Neonatal sepsis is associated with abnormal blood glucose homeostasis, and both hypoglycemia and hyperglycemia are common. 27 The etiology of the disorder blood glucose homeostasis is not clear, but increased metabolic rate, increased peripheral uptake of glucose, insulin resistance, and alterations in blood glucose production have all been implicated. Hepatic glucose-6-phosphatase activity and glucose production have been shown previously to increase in experimental situations of increased metabolic demand, hypo-insulinemia, and insulin-resistant states (e.g., Refs. 1, 2, 22, and 28). For the first time, we have shown an association between increased levels of glucose-6-phosphatase enzyme protein, activity, and exposure to the consequences of bacterial infection in the perinatal period.
The response to the septic state is complex and involves changes in a variety of hormonal and cytokine levels, which in turn affect a variety of metabolic pathways and the levels of expression of key regulatory genes. Clearly our data establish an association between bacterial infection and hepatic glucose-6-phosphatase activity and protein levels.
To establish the molecular basis of the increased levels of glucose-6-phosphatase protein expression in response to bacterial infection, presumably to hormones and cytokines, the effects of individual factors (and combinations of factors) on the transcription of the glucose-6-phosphatase gene and/or posttranscriptional regulation of glucose-6-phosphatase will require extensive further study.
CONCLUSION
Perinatal events and clinical interventions modulate key enzyme systems necessary for human adaptation to extrauterine life. One such key enzyme system necessary for postnatal adaptation to life between feeds is hepatic glucose-6-phosphatase, and we have shown that perinatal clinical events and interventions can influence its expression and activity.
